Abstract Changes in glacial geometries (extent and surface elevations)
Introduction
The Tibetan Plateau and its surroundings (TPS) contain the largest number of glaciers outside of the Polar Regions (Yao 2008) . Glacial changes in the TPS can impact on atmospheric circulation patterns, water cycles, and water resource accessibility for the 1.5 billion people living within the ten countries that surround the region (Immerzeel et al. 2010; Piao et al. 2010; Qiu 2010) .
Previous research has indicated that the status of glaciers shows clear spatial heterogeneity across the TPS (Yao et al. 2012; Gardelle et al. 2013; Gardner et al. 2013; Neckel et al. 2014) . Glaciers in the Himalaya have undergone intensive shrinkage since the 1970s (Yao et al. 2012) , which has been attributed to rising temperatures and decreasing precipitation (Yao et al. 2012; Wiltshire et al. 2014; Yang et al. 2014) . However, in contrast to the global trend of declining mountain glaciers, Hewitt (2005) found the Karakoram glaciers to be in a state of expansion (the ''Karakoram Anomaly''). The stable or advancing state of the Karakoram glaciers has been confirmed by numerous studies (e.g., Kääb et al. 2012; Yao et al. 2012; Gardelle et al. 2013; Gardner et al. 2013; Neckel et al. 2014) , and the phenomenon is considered to result from increased snowfall and cooling at high altitudes (Hewitt 2005; Yang et al. 2014; Wiltshire et al. 2014) . Despite adjoining the Karakoram region, glacial mass loss in the Western Himalaya is larger than that of other Himalayan regions (i.e., the eastern and central Himalaya; Gardelle et al. 2013) .
The transition zone between the Himalaya and the Karakorum (TZHK) is bordered to the east by Depuchangdake, to the west by Jammu-Kashmir and Himachal Pradesh, to the north by Xiongcaigangri, and to the south by Ayilariju. Glaciers in Himachal Pradesh had an overall specific mass balance of -0.7 to -0.85 m a -1 (water equivalent) between the fall of 1999 and November 2004 (Berthier et al. 2007) . A total deglaciation of 29.1 km 2 (i.e., a 26.1 % reduction) was observed from 1966 to 2011 in the Tirungkhad basin (Mir et al. 2014 ). In the Jammu-Kashmir region, deglaciation at 212 glaciers in the Zanskar Valley resulted in a loss of 57 km 2 (i.e., an 8 % reduction); however, this was partially offset by a 42 km 2 (or 6 %) increase in other glaciers. Overall, there was a glacial area decrease of just 15 km 2 (or 2 %) between 1962 and 2001 (Ghosh et al. 2014 ), of which 6.5 km 2 (or 5.6 %) occurred from 1980 to 2010 in the Shyok Basin (Bajracharya et al. 2015) . In Xiongcaigangri and neighboring areas, glaciers have retreated slightly (Brahmbhatt et al. 2015; Li et al. 2015) .
Glacial changes in the Ayilariju region have previously been under reported and the differences between the glaciers in Western Himalaya and the Karakoram remain poorly understood. This study focused on glacial changes and their causes in the Ayilariju region from 1980 to 2011. The results provide new insights into the spatial heterogeneity of glacial change in the TZHK and TPS, and provide glacial melt data to improve response measures in populated downstream regions.
Study area
The Ayilariju region lies in the Western Himalaya, situated on the western Tibetan Plateau (Fig. 1) . The climate is driven by the Asian monsoons and westerly cyclones, and most local glaciers have been classified as sub continentaltype (Shi 2008) . The Ayilariju glaciers represent the sources of the Sutlej and Shiquan rivers, which are headwaters of the Indus River, and supply fresh water to Shiquanhe city and downstream farmers and herdsmen. Additionally, these glaciers feed many glacial lakes, which when they flood pose a potential threat to the surrounding population. According to the topographical maps (1:50,000) mapping in 1980, 279 glaciers lie within the study area, comprising a total area of *190 km 2 , with an average area per glacier of *0.68 km 2 at the time of mapping.
The mean equilibrium line attitude (ELA) of the glaciers in the Ayilariju region lies at an elevation of *5800 m (Shi 2008; Yao et al. 2012) . The mean annual air temperature, precipitation, and wind speed from 1961 (start year of observation) to 2011 averaged approximately 0.67°C, 68.9 mm, and 2.88 m/s, respectively, at the Shiquanhe meteorological station (32°30 0 N, 80°08 0 E, 4278 m elevation). At the same location, the mean annual total radiation from 1971 (start year of observation) to 2011 approximately to 7640.17 MJ/m 2 .
Data and methodology

Remote sensing data
This study utilized a total of 30 topographical maps (1:50,000) that were based on aerial photographs acquired by the State Bureau of Surveying and Mapping in 1980. We digitalized the maps and converted them to the Universal Transverse Mercator (UTM) coordinate system and World Geodetic System 1984 ellipsoidal elevations (WGS84) using kilo-grids and the ENVI/IDL 5.1 software. Root mean square errors (RMSE) were \2 m in both the x and y directions. The revised maps were used to generate a digital elevation model (DEM), hereinafter referred to as the 1980 DEM, based on 20 m interval contours and digitized spot heights. Our seven-parameter datum transformation method resulted in errors of \0.002 m (Wang et al. 2003) . The result of the processing method using the kilo-grids were better than those generated using the seven-parameter datum transformation method. The 1980 DEM yielded various glacial parameters (i.e., area, elevation, mean surface slope, and aspect), which were analyzed with references to glacier numbers, area distributions, and area changes. This study employed Landsat Thematic Mapper/Enhanced Thematic Mapper Plus (TM/ETM?) and Satellite Pour l'Observation de la Terre (SPOT4) images (Table 1) to extract glacial extent values and to monitor glacial changes. As the 2011 SPOT images did not cover the entire study area, we used 2011 TM images as supplements. Cloud coverage in the 1990 TM, 2000 ETM, and 2011 SPOT images was\2 %, while in the 2011 images it reached 25 %. However, cloud masking had little impact on the delineation of glacial outlines because the cloud coverage rarely fell across the glaciers. All of the selected remote sensing images were acquired at the end of the melt season. One or two additional images acquired at almost the same time were used as reference data to help determine seasonal snow cover.
The United States Geological Survey (USGS; http:// glovis.usgs.gov) and Global Land Cover Facility provided the Landsat images. The image data was orthorectified, geo-corrected, and co-registered using the previously processed topographic maps (using an RMSE value of \14.25 m in both the x and y directions, with 20 points). The processed topographical maps and 1980 DEM orthorectified the two SPOT images to the WGS84 UTM datum using an RMSE value of \10 m in both the x and y directions (with 16 points). We used manual digitization to delineate the boundaries of the glaciers following the method of Raup et al. (2007) , which provided the best tool for extracting reliable information from satellite images.
The 1980 DEM and Shuttle Radar Topography Mission (SRTM) data were used to calculate changes in glacial volume. The SRTM 4.1, whose study area data gaps had already been processed (Reuter et al. 2007) , was selected and obtained from the Consultative Group on International Agricultural Research-Consortium for Spatial Information (CSI-CGIA; http://srtm.csi.cgiar.org/). The SRTM DEM was geo-corrected and co-registered using the 1980 DEM, with a RMSE of \45 m in both the x and y directions, and re-sampled to a 20 m interval (SRTMDEMP). We calculated glacial ice volume changes between the 1980 DEM and the SRTMDEMP data by multiplying the mean value of the surface elevation change and the glacial surface area in 1980. When converting volume change into a mass change, we assumed an ice density of 900 kg m -3 .
Meteorological data
No meteorological monitoring stations were operated within the study area during our study period, with Shiquanhe the nearest station. The distances between the Shiquanhe station and the Ayilariju glaciers ranged from 38 to 76 km. Meteorological data from Shiquanhe were downloaded from the China Meteorological Data Sharing Service System (http:// cdc.cma.gov.cn) and were used to analyze variations in climate and to discern reasons for glacial changes between 1980 and 2011. Temperature, precipitation, total radiation, and wind speed were selected for analysis. Evaporation data was not used owing to data loss in many months. Months with mean temperatures of C0°C were classified as the warm season (from April to October), while those with means temperatures of \0°C were classified as the cold season (from November to March).
Precision evaluation
Glacial changes in the Ayilariju region occurred mainly at glacier termini; therefore, the error estimation method for the image co-registration mirrored the approach used in previous studies (Ye et al. 2006; Cao et al. 2014; Wang et al. 2014) . The errors extracted from multi-temporal satellite images resulted mainly from (1) sensor resolution, (2) co-registration errors, and (3) boundary delineations. The first two error types were evaluated using a remote sensing uncertainty evaluation formula (Ye et al. 2006) , in which the linear uncertainty was expressed as:
where U L is the measurement uncertainty of the glacier terminus in the study area, k is the original pixel resolution of each image, and r is the co-registration error of each image to the topographic map of 1980. The area uncertainty between the multiple remote sensing data can be expressed as:
where U A denotes the measurement uncertainty of the glacier area, and U L gives the linear uncertainty. Equations (1) and (2) were used to calculate the uncertainties in the glacier termini positions and areas measured in this study (Table 2) . Glacial delineation errors result mainly from the experience of the operator, in particular when classifying shadowed areas as perennial or seasonal snow (Xiang et al. 2014) . The changes in glacial area between the 2011 images and the 1980 topographic maps were delineated by two additional independent colleagues in order to estimate delineation error and the differences between the different operators were within 3 %. Based on tests and analyses, the differences determined in glacial area caused by image quality, which can be affected by seasonal snow and shadow, was \2 %.
The vertical biases between the 1980 DEM and SRTMDEMP in non-glaciated areas, which have probably not changed in 20 years, was evaluated by comparing 360 elevation check points with the corresponding height values for the same locations in the two DEMs. The points were selected with the help of Google Earth. None were located in places where landslides, mudslides, significant erosion, and vegetation cover have occurred. The mean height deviation of SRTMDEMP minus the 1980 DEM was -1.72 m, the maximum height deviations were 16 m and -21 m, and the residual RMSE was 9.45 m.
Results
Overall changes in the glaciated area
This study focused on the distribution and change in the clean ice of the glaciers in the Ayilariju region. Debris-mantled parts of some glaciers have not been reconstructed because they were difficult to discern under the thick debris. The total glaciated area in the study region decreased from 190.37 km 2 in 1980 to 162.52 km 2 in 2011, corresponding to a total ice loss of 27.85 km 2 (Table 3) Impact of size and topography on glacial areal distribution and temporal variation
Size and topographic features (e.g., elevation, slope, and aspect) vary from glacier to glacier, and may affect their rate of change. The 279 glaciers of the Ayilariju region can be classified into six groups based on their 1980 areas. Small glaciers make up the largest proportion of the total number (Fig. 2) , with 231 having an area of\1 km 2 (in 1980), which accounted for 82.8 % of the total number of glaciers, 33.4 % of the total area, and 84.5 % of the total decrease in area over the study period (Fig. 2) . Forty-eight glaciers had areas of[1 and \5 km 2 , accounting for 15.1 % of the total number of glaciers, but 42.8 % of the total area and 12.7 % of the total decrease in area during the study period. Only six glaciers had areas of greater than 5 km 2 , accounting for 7.6 % of the total of number of glaciers, but 55.7 % of the total area and 1.4 % of the total area decrease.
Glacial area distribution was divided into six 200-m elevation intervals and the area change over time was analyzed based on these elevation intervals (Fig. 3) . Glaciated areas increased up to an elevation of 5600-5800 m, but then decreased at higher elevations. Most of the glacial area (188.13 km 2 ) fell within three elevation intervals, between 5400 and 6200 m, which accounted for 98.8 % of the total area. The glacial area in the other three intervals covered just 2.23 km 2 , accounting for 1.17 % of the total area. This distribution of glacial area reflected the combined effects of precipitation and terrain on glacier development. The glaciers lost 27.54 km 2 of area (98.9 % of the total glacier area lost) from 1980 to 2011, with most of the loss occurring at elevations between 5400 and 6200 m. Glaciated areas at elevations higher than 6357 m showed no shrinkage. Excluding the six glaciers that disappeared completely, the mean change for the lowest, highest, and mean elevations from 1980 to 2011 were 34.47, -4.63 and 12.66 m, respectively. Changes at the lowest and highest elevations imply that these glaciers shrunk into the middle glacier groups, while the mean elevation rise indicates that glaciers tended to retreat to higher elevations.
The number, area, and percent decrease in glaciers were compared for eight slope angles (Fig. 4) . The five intervals between 10°and 35°had a combined area of 180.11 km 2 , containing a total of 264 glaciers (94.6 % of the total number) and accounting for 94.61 % of the total area. The other three intervals contained a total area of 10.26 km 2 , contained 15 glaciers (5.4 % of the total), and accounted for 5.4 % of the total area. Glaciers on all slopes showed a decrease in area between 1980 and 2011 (Fig. 4) . The largest area change occurred for slopes between 10°and 35°, with a combined area reduction of 27.26 km 2 (accounting for 97.9 % of the total decrease). The area decreases for each slope interval (excepting 10°-15°) were between 14.2 and 48.9 %. The largest percentage area decrease occurred for the lowest slope class (5°-10°); however, this somewhat reflects the small sample set, with only three glaciers in the 5°-10°slope class, of which one disappeared before 2000. Tennant et al. (2012) and Racoviteanu et al. (2015) found that the steeper the glacier, the larger the area loss. However, no clear relationship was found between glacial area loss and slope angle in the Ayilariju region, indicating that the collective affects of size, elevation, slope, and aspect are complex. Furthermore, other attributes related to glacier type and the source of nourishment (i.e., outlet, cirque, avalanche-fed, and debris-covered glaciers) may also impact on glacial change (Tennant et al. 2012) . The distributions of glacial areas and area decrease were analyzed as a function of aspect (i.e., the directions they face), at 45°intervals (Fig. 5) . In 1980, the numbers of glaciers facing northeast, east, southeast, south, and southwest each accounted for [10 % of the total, in combination representing over 88.5 % of the total number of glaciers. In contrast, the numbers facing west, northwest, and north each accounted for \10 % of the total, in combination representing just 11.5 % of the total number of glaciers. The predominant aspects were east, southeast, and southwest, which together accounted for 77.8 % of total glaciated area. The number and area distribution of glaciers was primarily controlled by local climate and topographic effects. Glaciers with all aspects retreated between 1980 and 2011; however, the rate of retreat varied from 14.0 to 39.9 %. Absolute area change for glaciers facing northeast, east, southeast, south, and southwest, was 26.10 km 2 , which accounts for 93.7 % of the total reduction in the glaciated area. The largest percentage area decreases (35.1 % in total) occurred for glaciers facing southeast.
Changes in ice volume and glacier surface elevation
The change in mean surface elevation of the Ayilariju region between 1980 and 2000 was -13.5 m, yielding a rate of decrease of 0.675 m a -1 (Fig. 6) . The surface elevation ranged from -240.28 to 182.85 m, with decreases primarily occurring at glacier termini, and increases primarily occurring in glacier interiors or at high elevations. Based on our analyses, we estimated that the total glacial 
Discussion
The mean monthly temperatures in the warm (ATWS) and cold (ATCS) seasons of 2011 were 1.50 and 1.84°C higher than those in 1980, respectively (Fig. 7a) . The increasing warm season monthly temperatures could accelerate glacial melting, while the increase in monthly temperatures in both the warm and cold seasons could shorten the shift, during which (i.e., when glaciers transition from accumulation to melt) and lengthen the ablation period (Liu et al. 1999; Zeng et al. 2013) . Ice temperature during the cold season are high; therefore, when the ablation season starts, glaciers will consume less of their ablation energy reserves in lower temperature years, which will increase glacial melt (Zeng et al. 2013 ) and accelerate glacial shrinkage.
The mean monthly precipitation values during the warm (APWS) and cold (ATPS) seasons of 1980-2011 showed only minor changes (Fig. 7b) . In 2011, the warm and cold season precipitation values were 1.79 and 0.4 mm lower than in 1980, respectively (i.e., the change amplitude was not large). While sub-polar continental-type glaciers can gain mass in both warm and cold seasons, a decrease in precipitation can also reduce accumulation in all seasons.
In 2011, the mean monthly total radiation values during the warm (ARWS) and cold (ARCS) seasons were 1207.16 and 689.22 MJ/m 2 higher than in 1980, respectively (Fig. 7c) . Evaporation (sublimation) caused by radiation is one of the main forms of ablation on sub-polar continentaltype glaciers (Zhang et al. 1996) . These radiation increases can accelerate glacial shrinkage.
In 2011, the mean monthly wind speed values in the warm (AWSWS) and cold (AWSCS) seasons were 0.69 and 0.46 m/s lower than in 1980, respectively (Fig. 7d) . Wind speed represents a potentially important predictor for annual mass-balance (Mölg et al. 2014) , and so reduced wind speed may cause glacial change. From 1980 From to 1990 From , 1990 From to 2000 From , and 2000 to 2011, the coefficients of multiple correlations (R 2 ) between glacial Table 4 ). For glaciers in monsoondominated areas, the 300-hPa wind speed experienced during the onset of the Indian summer monsoon over the Tibetan Plateau's central region represents an excellent predictor for annual mass-balance (Mölg et al. 2014) . The Ayilariju glaciers are located at the monsoon limit, and so wind speed in both the warm and cold seasons shows high correlation with glacial retreat; therefore, both may be indicative of annual mass balance. The R 2 value between AWSCS and ATCS was 0.009, and that between AWSWS and ATWS was 0.343; therefore, rising temperatures showed a clear correlation with decreasing wind speed, likely suggesting a causal relationship. The positive correlation between wind speed and total radiation during both the warm (R 2 = 0.221) and cold (R 2 = 0.120) seasons suggests that total radiation represents another influencing factor. The positive correlation between temperature and total radiation during both the warm (R 2 = 0.178) and cold (R 2 = 0.120) season suggests that total radiation contributed to rising temperature. However, these positive correlations between temperature and total radiation were comparatively low, which may imply that total radiation represented a less critical driving factor, with global warming the main cause.
Warming across the Tibetan Plateau (TP) and Indian Ocean may weaken latitudinal gradients of both regional temperature and surface pressure; thus, altering regional atmospheric circulation and accounting in part for the observed decline in wind speed You et al. 2014; Roxy et al. 2015) . In turn, this may suggest a weakening of the South Asian summer monsoon and a corresponding reduction in precipitation. The decreasing trends in APWS and APCS concurred with the reduced Tibetan Plateau H i m a l a y a n M t ), modified from Li et al. (2015) . The dashed line shows the mean monsoon margin, which fluctuates between seasons and years precipitation trend across the Indian subcontinent (Roxy et al. 2015) . Our results suggest that warming (i.e., increasing temperature and total radiation) resulting from a weakened South Asian summer monsoon represents the main cause of glacial retreat, decreasing precipitation and decreasing wind speed. These reductions in wind speed and precipitation also contribute to glacier shrinkage.
Our results show that glacial retreat was fastest in areas dominated by the Indian summer monsoon, while slow retreat was observed in westerly wind dominated areas (Fig. 8) , which is consistent with previous findings (Yao et al. 2012) . The weakening Indian monsoon, strengthened westerlies (Yao et al. 2012) , and the interplay between both circulation systems governs the mass balance. The velocity of areal retreat in Ayilariju (in the northern part of Western Himalaya) exceeded that in adjoining Xiongcaigangri (southern Karakorum; Li et al. 2015) and in West Kunlun (Li et al. 2013 ) by approximately 15 times. Ayilariju lies on the southern border of the TZHK, which represents the transition zone between areas dominated by the Indian monsoon and those dominated by the westerlies. We suggest that glacial retreat in the Ayilariju region is less than that of the southern Himalayan glaciers, and larger than that of the Karakoram glaciers, mainly owing to their position on this climate margin. Furthermore, the Ayilariju and Xiongcaigangri glaciers have mean sizes of 0.68 and 1.18 km 2 , and mean elevations of 5826.2 and 6054.4 m, respectively. We suggest that the rapid glacial retreat in Ayilariju may also result from these differences. Finally, proximity to the sources of anthropogenic emissions (e.g., dust and black carbon; Xu et al. 2009 ), may also impact on Himalaya glaciers, thereby affecting the regional water cycle.
The results of our study into glacial elevation variations in the Ayilariju region agree with those of other studies on the Himalaya. We observed a total elevation change rate of 0.675 m a -1 , as compared to -2 to ?1 m a -1 (Gardner et al. 2013) , -0.30 to -0.15 m a -1 (Kääb et al. 2012 ), -0.37 ± 0.25 m a -1 (Neckel et al. 2014) , and -0.45 ± 0.14 m a -1 (Gardelle et al. 2013 ). However, we did not address the potential penetration of SRTM, which may have affected the results.
Conclusions
This study used topographic maps, Landsat TM/ETM?, SPOT4, SRTM4 DEM, and Glas/ICESat remote sensing data to determine and interpret glacial changes in the Western Himalaya. The investigation on 279 glaciers showed significant changes in glacial area, ice volume, and surface elevation between 1980 and 2011.
The total glaciated area decreased from 190.37 km 2 in 1980 to 162.52 km 2 in 2011, amounting to an area loss of 14.6 % at a loss rate of 0.5 % a -1 . The inverse relationship between glacial area and the rate of change indicates that small glaciers receded at rapid speed. Spatially, the largest amount of glacial melting (27.54 km 2 ) occurred between elevations of 5400 and 6200 m, accounting for almost 99 % of the total glacial retreat in the study area. The decreases in glacial area as a function of slope were between 14.2 and 48.9 % for all slope intervals except 10°-15°. The greatest decreases in glacial area occurred for glaciers facing northeast, east, southeast, south, and southwest, with a combined reduction in area of 26.1 km 2 , or nearly 94 % of the total reduction. The mean surface elevation change in the Ayilariju region was -13.5 m, with a rate of decrease of 0.675 m a -1 and a total glacial mass loss of 2.570 ± 0.327 km 3 between 1980 and 2000. The results suggested that increasing temperatures and total radiation were the primary cause of accelerated glacial melting. Next, reduced wind speed and a slight decrease in precipitation reduced by weakening of the South Asian summer monsoon also had some contributions.
Our primary observations results on the Ayilariju glaciers relied on remote sensing images, which is a little tentative and additional fieldwork is need to be conducted to confirm our tentative conclusions. Additionally, longterm observations, including on high-resolution remotesensing data, meteorological data from different elevations within the glaciated area, and more ground-based observations, are required before we can gain a full understanding of glacial shrinkage in this region.
